The crystal symmetry of the mineral chalcopyrite has been investigated using Kikuchi-line intersections. It has been found that Kikuchi lines which intersect within systematic rows of reflections are very sensitive to small differences in interplanar spacings and can be used for symmetry determination. A small displacement of the point of intersection of the Kikuchi lines 3,3,14 and 376 within the 024 and 024 systematic row of Kikuchi reflections was seen, indicating that the 024 and 024 Kikuchi lines do not lie on a mirror plane. Similar observations were also made for the intersection points of the 3,1,10, 352 and 5,],14, 572 Kikuchi lines within the 024 and 024 systematic row of reflections. The Kikuchi lines intersecting within the 0h0 systematic rows of reflections showed no displacements, which is consistent with the point group, 42m, of chalcopyrite. The antiferromagnetic superstructure of chalcopyrite has also been investigated. Dark-field transmission electron microscope (TEM) images obtained with the 110 superstructure reflection showed antiferromagnetic domains, which altered their configurations on heating by the electron beam. The alterations were reversible and were interpreted as originating from magneto-elastic deformation.
Introduction
The mineral chalcopyrite (CuFeS2) is a common and well known mineral. The crystal structure of chalcopyrite was first investigated by Burdick & Ellis (1917) . In 1932, Pauling & Brockway assigned the space group 1-42d to chalcopyrite and determined the lattice constants as a = 5.28 and c = 10.4A. Subsequent investigations of the structure of chalcopyrite by Donnay, Corliss, Donnay, Elliott & Hastings (1958) confirmed that the structure of chalcopyrite has an ordered arrangement of Cu and Fe ions within a doubled sphalerite (ZnS) unit cell, as shown in Fig. 1 . The antiferromagnetic (AFM) structure of chalcopyrite was also determined by Donnay et al. (1958) and crystal structure refinement of chalcopyrite has been carried out by Hall & Stewart (1973) . Magnetic and electric properties of chalcopyrite were investigated by Teranishi (1961) , confirming the findings of Donnay 0021-8898/92/060737-07506.00 et al. (1958) . Teranishi (1961) describes a N~el temperature of about 800 K for chalocopyrite but it has also been reported that the magnetic susceptibilities of certain specimens of chalcopyrite do not depend on temperature in the range 40-600 K (Teranishi & Sato, 1975) . The magnetic structure of chalcopyrite is illustrated in Fig. 1 , where magnetic moments are directed along the [001] axis and spins are assigned to the Fe ions only. The reason for this is that the magnetic susceptibility associated with the Cu a + ions has been determined to be negligible compared with that of the Fe 3 ÷ ions. Studies carried out by Donnay et al. (1958) show that the magnetic moment of 1"
Perspective view illustrating the crystal structure of chalcopyrite. The structure is tetragonal because of the ordered arrangement of the Fe and Cu ions within the doubled sphalerite (ZnS) unit cell. The magnetic structure of chalcopyrite is also illustrated. The arrows show the orientations of the magnetic movements along the tetrad axis. Note that magnetic moments are associated with the Fe ions only because according to neutron diffraction studies the magnetic momenl for copper is negligible. iron is approximately 3.85/~B (1/~B = 9.274078 x 10-24jT-1), whereas the magnetic moment of copper is considerably smaller, approximately 0.2/~n. In this contribution, the results of the transmission electron microscope (TEM) studies of the AFM superstructure of chalcopyrite are examined and an explanation for the causes of the observed reversible domain mobility is proposed. Determination of the crystallographic point group, 42m, of chalcopyrite using electron diffraction presents special difficulties. As with the structures of all the zincblende-type materials, e.g. the mineral sphalerite (ZnS), breakdown of Friedel's law occurs and should be observed in electron diffraction patterns from chalcopyrite. The breakdown of Friedel's law in electron diffraction patterns occurs because of the sensitivity of dynamical interaction to phases of the structure factors and is often observed as asymmetrical intensities between certain reflections (Friedel, 1913; Miyake & Uyeda, 1950 , 1955 Goodman & Lehmpfuhl, 1968; Baba-Kishi, 1991a, b) . The observation of the breakdown of Friedel's law is not in itself sufficient to determine the point group of chalcopyrite and other asymmetrical features must also be found to confirm that the systematic rows of reflections O,h,2h and h,O,2h do not lie on mirror planes. In this paper, the application of Kikuchi-line intersections within systematic rows of reflections in the diffraction patterns for the determination of the small tetragonal distortion in chalcopyrite is discussed.
Experimental details
The crystals of chalcopyrite used in the course of this study originated from various locations. Specimens were prepared for study in the TEM by crushing. Prior to examination in the TEM, the crushed samples were placed on evaporated carbon film supported on a copper grid. The results obtained from various crushed specimens of chalcopyrite were consistent. The microscope used was a JEOL 200-CX. All the images and diffraction patterns were obtained at 200 keV.
Observations

Symmetry of chalcopyrite
To determine the point group, 42m, of chalcopyrite, two distinct asymmetrical features must be observed in electron diffraction patterns. In order to establish that the 0h0 reflections do not lie on mirror planes in the reciprocal space, the breakdown of Friedel's law, which is manifested as asymmetrical intensities for certain hkl-type reflections (e.g. 215 and 21 5), must be observed. Asymmetrical intensities can only be seen ff the diffraction patterns are formed by dynamical scattering processes. The observation of the breakdown of Friedel's law in this way indicates that the crystals of chalcopyrite are not centrosymmetric and thus the 0h0 reflections do not lie on mirror planes (Baba-Kishi, 1991a, b) . In addition to the observation of the breakdown of Friedel's law, one must observe other asymmetrical features in order to determine the whole-crystal point group 42m. According to this point group, the [0103 and [1003 zone axes lie on rotation diads. Hence, the reflections 024, 024, 204 and 204 should not lie on mirror planes in reciprocal space. One_way to investigate whether the reflections 024 and 024, for example, lie on a mirror plane is to use the configuration of the intersection points of the Kikuchi lines that intersect on the 024 and 024 systematic row of reflections. Since the c/a ratio of chalcopyrite is 1.969, there will exist certain Kikuchi reflections whose interplanar distances will differ by a small amount (see Table 1 ). For example, the ratio of the i__nterplanar distances of the Kikuchi reflections 3,3,14 and 376 which intersect on the 024 and 024 systematic row is 0.991. The difference in the interplanar distances for 3,3,14 and 376 is about 0.00558 A. Although this difference is small, it is sufficient to cause a displacement of the intersection point of the Kikuchi reflections 3,3,14 and 376 within the 024 and 024 systematic row of reflections, as shown in Fig. 2(a) . The shift at the intersection point of 3,3,14 and 376 relative to the other reflections within the s_ystematic row effectively shows that the 024 and 024 systematic row does not lie on a mirror plane in the reciprocal space, in agreement with the point-group symmetry of chalcopyrite.
The reflections present in the diffraction pattern of Fig. 2(a) originate mainly from the zone axes [12, 10, 5] and [863] . The reflections 024 and 024 are common to both the zone axes, whereas the reflections 352, 5,1,10 and 3,3,14, 376 belong to [12, 10, 5] and [863], respectively. The diffraction pattern was indexed with the aid of various computer-drawn Kikuchi maps. The maps illustrated in Figs. 2(b) and (c) were drawn with the electron beam assumed parallel to the zone axes [12, 10, 5] and [863] , respectively. It should be pointed out that not all the reflections present in the maps can be seen in the corresponding diffraction pattern. This is because the intensities of certain reflections are too weak to be seen in the pattern. However, the measured angles of the reflections present in both the diffraction pattern and the maps correspond very closely with the calculated interplanar angles (see Table 1 ). D The point group 42m indicates that there should exist no displacement at the intersection points of the Kikuchi lines within the 020 and 020 systematic row of reflections. When we examine the intersection points of the various reflections (e.g. 512 and 512), we find that they are located precisely at the centre of the 020 and 020 systematic row, as shown in Fig. 3(a) . This arises because the nature of the tetragonal distortion in chalcopyrite changes the interplanar distances of those reflections that intersect within the 0,h,2h rather than within the 0h0 systematic row. Since the ratio of the interplanar distances of the reflections 512 and 312 is 1.00 (see Table 1 ), no displacement is expected at their intersection point within the 0h0 systematic row.
The pattern in Fig. 3(a) was indexed with the aid of numerous computer-drawn maps. An example is illustrated in Fig. 3(b) , which was drawn with the foil normal [205] parallel to the electron beam. It can be seen in Table 1 that the measured angles in both the diffraction pattern and the Kikuchi map correspond closely with the calculated angles.
It should be pointed out that, although the use of Kikuchi lines intersecting within systematic rows of reflections is a sensitive and reliable method for symmetry determination, indexing of various reflections may prove difficult, particularly for non-cubic crystals. It is often the case that the distorted or displaced Kikuchi-line intersections are easily visible away from the prominent zone axes and are therefore difficult to index. Consequently, it is useful to identify a prominent zone axis first and then obtain a set of diffraction patterns close to the prominent zone axis. This enables the zone axes to be identified easily and thus makes indexing reflections easier.
One way of identifying the positions of various zone axes is to use wide-angle electron backscattering Kikuchi diffraction patterns (BKDP) which are obtained in the scanning electron microscope (SEM). An example of a BKDP obtained from a crystal of chalcopyrite is shown in Fig. 4 . The pattern was obtained from a fractured surface of a bulk crystal of chalcopyrite at 30 keV, with the electron beam striking the specimen surface at about 60 ° relative to the specimen surface normal. A discussion ~ of the geometrical and theoretical characteristics of BKDPs is beyond the scope of this article and the reader is referred to Baba-Kishi (1990) and Baba-Kishi & Dingley (1989) . The angular coverage of the pattern in Fig. 4 is about 85 ° vertically and contains various zone axes including [001], [221] , [421] and [863] , which are indexed according to the unit cell shown in Fig. 1 . Although the pattern proved very useful as an additional aid for indexing the TEM patterns, the resolution of the intersection points of the Kikuchi lines in the TEM patterns was substantially better than the resolution of the intersection points in the BKDP. In addition, since the pattern was recorded in the gnomonic projection, it contains a distortion which prevents direct measurement of the true interplanar angles from the pattern.
Antiferromaonetic (AFM) superstructure of chalcopyrite
Electron diffraction studies carried out using the 110 reflection, shown in the inset of Fig. 5(b) , have produced interesting results. Imaging with the 110 reflection in the dark-field mode of the microscope produced a domain structure exemplified in Fig. 5(a) . Antiphase boundaries are clearly visible in the image. It should be pointed out that 110 has a measured interplanar spacing of about 3.67A (calculated interplanar spacing is 3.740 A) and is not permitted by the space group 1-42d of chalcopyrite. However, Donnay et al. (1958) have shown that the reflections 110, 330, 114, 222 and 226 are 'purely magnetic reflections', which follow the extinction rule hhl with half-sum odd.
An unexpected observation was made while imaging with the 110 reflections. It was found that, when the electron beam was either focused or defocused onto the specimen, significant alterations in the configurations of the domains took place. As the crystal temperature was raised by focusing the electron beam, the domains rapidly changed both their shapes and sizes and tended to become enlarged, thus altering the configurations of the antiphase boundaries, as illustrated in Fig. 5(b) . Domain enlargement also accompanied an increase in the intensity of the 110 reflection. The 110 reflection was either absent or appeared as a very weak reflection when the electron beam was directed along the [001] zone axis. It was noted, however, that the intensity of the 110 reflection increased significantly when the crystal was heated by focusing the electron beam onto the specimen. This increase was reversed when the electron beam was defocused. Tilting the crystal away from the [001] zone axis also increased the intensity of the reflection. The diffraction pattern in the inset of Fig. 5(b) was obtained with the crystal tilted away from [001] and shows a representative example of a very strong 110 reflection used to obtain the image of Fig. 5(b) . In order to ensure that this observation was a structural characteristic of chalcopyrite, specimens collected from different locations were investigated. Again, imaging with the I10 reflection produced results consistent with those described above. Importantly, it was noted that the changes in the domain configurations were reversible, i.e., as the electron beam was defocused, the domains reduced in size and changed shape. The domains retained their configurations while the electron beam was kept stationary on the specimen. TEM observations carried out by Putnis & McConnell (1976) on the phase-transformation behaviour of chalcopyrite indicate that chalcopyrite becomes metal-enriched owing to loss of sulfur when heated to 823 K. It is reported that, as the crystal is cooled to below 623 K, structural transformations take place. Initially, it was thought that domain enlargement was due to the effects of annealing the specimen and, perhaps, due to possible loss of sulfur. However, the reversible characteristic of the domains could not be explained in this way, because in the current investigation the domains were heated to about 323 K in the TEM. The specimen temperature was raised when the electron beam was focused onto the specimen. This indicates that sulfur deficiency is unlikely to be the cause of the observed reversible domain enlargement.
Magnetic susceptibility measurements carried out by Donnay et al. (1958) show that between 77 K and room temperature the susceptibility is low. However, above room temperature, susceptibility increases rapidly with increase in temperature. It is also reported that the rapid increase in susceptibility is reversible, but not completely. Hence, the observed reversible domain movements in the TEM could be interpreted as originating from reversible magnetic susceptibility, which is temperature dependent. It is thought that, as the susceptibility increases, the elastic deformation will also increase, hence altering the configuration of the antiphase boundaries.
Concluding remarks
In this study, we have discussed the application of Kikuchi-line intersections within systematic rows of Kikuchi reflections for symmetry determination. Careful study of various diffraction patterns obtained from the crystals of chalcopyrite indicated that the displacements at the intersection points of the Kikuchi lines originate from the tetragonal distortion. The study shows that the use of displacements at the intersections of Kikuchi reflections provides a reliable and simple method of determining whether a reflection lies on a mirror line in the reciprocal space. This is primarily because the intersections represent the intrinsic geometrical characteristics of the structure and are not influenced by off-axis electron beams, strain fields, variations in the specimen thickness and dynamically produced intensities.
The investigation of the AFM superstructure of chalcopyrite has produced a surprising result. While imaging with the 110 reflection, we have noted a reversible domain configuration induced by electron irradiation. We have interpreted this phenomenon as originating from reversible magnetic susceptibility initiated by heating the specimen. It is thought that this reversible domain configuration may well be associated with changing magneto-elastic effects, which probably originate from changing valence states in the crystal. It is thought that the crystal changes from a low-spin magnetic moment to either a high-or an intermediate-spin magnetic moment. It is possible that the valence configurations change Comparison with (a) shows that changes in both shape and size of the domains have taken place. The changes were caused by focusing the electron beam onto the specimen. When the electron beam was defocused, the domains reduced in size and changed shape rapidly. Inset: diffraction pattern illustrating a strong 110 reflection, which has a measured interplanar spacing of about 3.67 A. Domain enlargement accompanied a significant increase in the intensity of the 110 reflection.
from Cul+ and Fe 3 + to Cu 2 + and Fe 2 + upon heating. There is also further conjecture as to the influence on the magnetic structure of the very large magnetic moment associated with iron (~3.85/~B) compared with the negligible magnetic moment of copper (~0.2/~B).
